Introduction {#s01}
============

Propagation of action potentials along the muscle cell membrane induces Ca^2+^ release from the SR and subsequent contraction of the cell. In the sequence of events that occur from excitation to contraction, the Cav1.1 protein anchored in the t-tubule membrane plays the dual role of voltage sensor of SR Ca^2+^ release and of L-type voltage-gated Ca^2+^ channel ([@bib21]; [@bib23]; [@bib17]). Given these pivotal roles, the absence of Cav1.1 is lethal, and any mutation occurring in the gene encoding Cav1.1 and producing changes in the functional properties of the protein leads to severe neuromuscular diseases. Among them, type 1 hypokalemic periodic paralysis (HypoPP1) is one of the least understood genetic disorders, characterized by transient failure of muscle excitability occurring in association with hypokalemia and triggered by rest after strenuous exercise or carbohydrate load ([@bib15]; [@bib3]). Cav1.1 is composed of 4 homologous domains (I to IV), each of which contains 6 membrane-spanning segments (S1 to S6; [@bib4]). S1 to S4 segments of each domain constitute the voltage-sensing domain, within which S4 segments enriched with positively charged amino acids are able to translocate through a "gating pore" pathway formed by the S1, S2, and S3 segments upon depolarization ([@bib8]). This concerted translocation of the S4 segments controls the gating of the L-type Ca^2+^ channel and Ca^2+^ release from the SR. The vast majority of HypoPP1 mutations identified so far were shown to consist in the replacement of the outermost arginine residues by less basic residues in S4 segments of domains II, III, or IV ([@bib2]; [@bib16]; [@bib12]; [@bib18]). Site-directed mutagenesis experiments in the closely structurally related voltage-dependent K^+^ or Na^+^ channels have revealed that such substitutions generated an inward gating pore current at hyperpolarized potentials, also called the ω current, through the voltage-sensing domain ([@bib26]; [@bib24]; [@bib28]). In addition, experiments performed in fibers from muscle biopsies in patients carrying HypoPP1 mutations and in muscle fibers from a transgenic mouse model for HypoPP1 indicated that the R528H or the R1239H mutation gave rise to an elevated inward current at resting membrane potentials which, in the presence of severely decreased serum K^+^ concentrations, should depolarize muscle cells so as to inactivate voltage-dependent Na^+^ channels and induce attacks of paralysis ([@bib11]; [@bib29]). The ion carried by this leak current was not determined, but mutagenesis experiments performed in voltage-dependent K^+^ or Na^+^ channels showed that the inward current flowing through the gating pore at hyperpolarized potentials was carried by protons when the outermost arginine residues in S4 segments were replaced by histidine residues ([@bib26]; [@bib27]). More recently, by expressing the human WT and R1239H mutant α1 subunits in mouse muscle fibers, [@bib7] demonstrated that the R1239H mutation induces an elevated leak H^+^ current at rest flowing through a gating pore created by the mutation in the voltage-dependent Ca^2+^ channel. Strikingly, one more recently identified HypoPP1 mutation, V876E, which produces very severe clinical features, does not affect an arginine residue in a S4 segment but occurs in the S3 segment of domain III ([@bib13]). This raises the question if in such a case the mutation induces a gating pore current and, if so, about the ion selectivity of this gating pore pathway.

In the present study, we have been able to acutely express in adult mouse muscles human WT and V876E Cav1.1 proteins. Measurements of membrane currents indicate that the mutation does not induce any significant change in properties of the voltage-gated Ca^2+^ current but generates an elevated leak inward current at negative voltages. In the absence of external permeant ions and with low chloride, the leak current was found to be carried by H^+^, but in the presence of a physiological external saline, measurement of intracellular pH and Na^+^ together with membrane currents indicated that the leak current in V876E fibers is carried by Na^+^. Our data suggest that the valine residue, when replaced by the negatively charged amino acid glutamate, creates a hydrophilic pathway, possibly corresponding to a gating pore permeable to Na^+^ ions.

Materials and methods {#s02}
=====================

In vivo gene transfer and isolation of muscle fibers {#s03}
----------------------------------------------------

All experiments were performed in accordance with the guidelines of the local animal ethics committee of University Lyon 1, of the French Ministry of Agriculture (87/848), and of the European Community (86/609/EEC). Expression was achieved by in vivo plasmid transfer using a previously described electroporation procedure with minor modifications ([@bib6]; [@bib7]). Injected plasmids encoded for turboGFP-tagged WT or V876E human Cav1.1 (Origene). Muscle fiber isolation was performed 30 ± 5 d later. Mice were killed by cervical dislocation before removal of interosseal muscles. Single fibers were isolated by a 50-min enzymatic treatment at 37°C using a Tyrode's solution containing 2 mg/ml collagenase type I (Sigma-Aldrich).

Electrophysiology {#s04}
-----------------

Fibers were voltage-clamped using the silicone clamp technique as previously described. In brief, the major part of a single fiber was electrically insulated with silicone grease, and a micropipette was inserted into the fiber through the silicone layer to voltage clamp the portion of the fiber free of grease (50--150 µm length) using a patch-clamp amplifier (RK-400, Bio-Logic) in the whole-cell configuration ([@bib22]). Analogue compensation was systematically used to decrease the effective series resistance. The tip of the micropipette was then crushed into the dish bottom to allow intracellular dialysis of the fiber with the intrapipette solution. Cell capacitance was determined by integration of a current trace obtained with a 10-mV hyperpolarizing pulse from the holding potential and was used to calculate the density of currents (A/F). For Ca^2+^ current measurements, leak currents were subtracted from all recordings using the same pulse preceding every test pulse supposing a linear evolution of leak current with depolarization. The voltage dependence of the mean Ca^2+^ current density was fitted using the equation$$I = G\max\left( {{Em} - {Erev}} \right)/\left( {1 + \exp\left( {\left( {E_{1/2} - {Em}} \right)/k} \right)} \right),$$where I is the mean density of the current measured, Em is the test pulse, Gmax is the maximum conductance, Erev is the apparent reversal potential, E~1/2~ is the half-activation voltage, and k is a steepness factor. Voltage ramps were applied every 50 s at a rate of 12 mV/s throughout the study. Concerning the experiments illustrated in [Fig. 4](#fig4){ref-type="fig"}, a holding potential maintained at 0 mV during the 50-s interval between ramps avoided a possible dissipation of the H^+^ gradient resulting from proton influx upon exposure of the cell to the pH 6.0 buffered solutions because inward rectification made the inward proton current close to zero at 0 mV. Currents were acquired at a sampling frequency of 10 kHz.

Measurement of intracellular pH (pHi) and intracellular Na^+^ {#s05}
-------------------------------------------------------------

The pHi indicator 2',7'-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF; ThermoFisher Scientific) was added at 100 µM in the internal pipette solution. The pH-dependent signal was obtained by alternatively illuminating the cell at 490 and 440 nm through an optical fiber using a monochromator (Cairn Research) and imaging fluorescence \>510 nm using a 40× oil-immersion objective and a CoolSNAP~EZ~ charge-coupled device camera (Roper Scientific). Background fluorescence at both excitation wavelengths was measured from an equivalent area next to each fiber tested and subtracted, and the ratio F490/F440 was calculated. The frequency of image capture was 0.2 Hz. For the conversion of fluorescence ratios into pHi, each fiber was exposed at the end of the experiments to solutions buffered at pH 5.5, 7, and 8 in the presence of the H^+^ ionophore nigericin. The 3 measured fluorescence ratios were converted into pH values by fitting the relationship between these ratios and pHi with the following equation:$${pHi} = {pKa} + \log\left\lbrack {\left( {R - R\min} \right)/\left( {R\max - R} \right)} \right\rbrack,$$where pKa is the −log dissociation constant, R is the 490/440 ratio measured at pH 5.5, 7, and 8, and Rmin and Rmax are the ratios of the dye in its H^+^-free and H^+^-bound state, respectively. In [Fig. 5 B](#fig5){ref-type="fig"}, because pHi measurements have been done alternatively in WT, R1239H, and V876E fibers during the same period, the WT data points are the same as the ones reported in another study investigating the R1239H mutation ([@bib7]). For intracellular Na^+^ measurements, the Na^+^ indicator sodium-binding benzofuran isophthalate (SBFI; ThermoFisher Scientific) was added at 200 µM in the internal pipette solution, and the Na^+^-dependent signal was obtained by alternatively illuminating the cell at 340 and 380 nm and imaging fluorescence \>510 nm. The rates of change of pHi and SBFI fluorescence ratio were measured by fitting a linear regression to data points. BCECF and SBFI fluorescence changes were observed to be restricted to the voltage-clamped region of the fibers.

Solutions {#s06}
---------

For [Figs. 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}, and [4](#fig4){ref-type="fig"}, the external solution contained (in mM) 140 TEA-MeSO~3~, 2.5 CaCl~2~, 1 MgCl~2~, 0.002 tetrodotoxine, 1 4-aminopyridine, and 10 HEPES or Mes adjusted to pH 7.2 or 6 with TEA-OH or MeSO~3~ acid. For [Figs. 5](#fig5){ref-type="fig"}, [6](#fig6){ref-type="fig"}, and [7](#fig7){ref-type="fig"}, the external Tyrode's solution contained (in mM) 140 NaCl or 140 NMDG chloride, 5 KCl, 2.5 CaCl~2~, 1 MgCl~2~, and 10 HEPES or Mes adjusted to pH 7.2 or 5 with NaOH or MeSO~3~ acid. The internal dialyzed solution contained (in mM) 120 K-glutamate, 10 EGTA, 5 Na~2~-ATP, 5 Na~2~-phosphocreatine, 5.5 MgCl~2~, 5 glucose, and 10 HEPES adjusted to pH 7.2 with K-OH, except for [Figs. 5](#fig5){ref-type="fig"}, [6](#fig6){ref-type="fig"}, and [7](#fig7){ref-type="fig"}, where the internal solution was free of EGTA. For BCECF calibration, fibers were exposed at the end of the experiment to solutions containing (in mM) 140 K-glutamate, 2 MgCl~2~, 10 HEPES, or Mes adjusted to pH 8, 7, or 5.5 with K-OH or MeSO~3~ acid in the presence of the H^+^ ionophore nigericin (10 µM). Nigericin (Sigma-Aldrich) was used from a stock solution at 10 mM in DMSO. Fibers were dialyzed with the intracellular solution through the micropipette during 20 min prior starting the experiments.

Statistics {#s07}
----------

Fits were performed with Microcal Origin (Microcal Software Inc.). Data are given as means ± SEM and compared using unpaired two-tailed Student *t* tests (or paired when mentioned). Differences were considered significant when P \< 0.05. Labels \*, \*\*, and \*\*\* indicate P \< 0.05, P \< 0.005, and P \< 0.0005, respectively. Current data exhibited quite large variability, certainly because of the variability in the amount of proteins expressed from one fiber to another, which resulted in large values of variance, but did not compromise the revealed statistical differences.

Results {#s08}
=======

Expression of V876E HypoPP1 mutant Cav1.1 in mouse muscle fibers {#s09}
----------------------------------------------------------------

cDNAs encoding turboGFP-tagged human WT and V876E HypoPP1 mutant Cav1.1 were transfected by electroporation into adult hind limb mice muscles. Confocal fluorescence images revealed a regular striated pattern of expression perpendicular to the longitudinal axis of the fiber for the two channel types ([Fig. 1 A](#fig1){ref-type="fig"}). The fluorescence profile showed periodic double peaks of high intensity with a spacing of ∼2 µm consistent with proper localization of the human WT and V876E channel in the t-tubule membrane ([Fig. 1 B](#fig1){ref-type="fig"}). The WT and V876E GFP-positive fibers were selected for voltage clamping. The silicone clamp method allowed focus of the measurements on the highest expressing region of fibers transfected with either the WT or the R1239H Cav1.1 α1 subunit.

![**Distribution of GFP-tagged human WT and V876E Cav1.1 in adult mouse skeletal muscle fibers.** (A) Confocal images of GFP fluorescence in a fiber expressing WT (top) and V876E (bottom) Cav1.1. (B) Fluorescence intensity profiles from the white box region in the corresponding images in A.](JGP_201711834_Fig1){#fig1}

Comparison of voltage-gated Ca^2+^ currents properties in fibers expressing WT and V876E Cav1.1 {#s10}
-----------------------------------------------------------------------------------------------

The properties of the L-type voltage-gated Ca^2+^ currents were compared in fibers expressing WT and V876E Cav1.1 by applying depolarizing steps of 1 s duration and increasing amplitudes from a holding potential of −80 mV in the presence of 2.5 mM external Ca^2+^ ([Fig. 2](#fig2){ref-type="fig"}). Fitting a Boltzmann equation in each WT and V876E cell indicated that the fitting parameters, maximal conductance, reversal potential, half-maximal activation, and steepness factor were not significantly changed in V876E as compared with the parameters obtained for WT fibers.

![**L-type voltage-gated Ca^2+^ currents in WT and V876E fibers.** (A) Recordings of L-type currents (top) in a WT and in a V876E fiber in response to depolarizing pulses of 1 s duration to the indicated voltages (bottom). (B) Relationships between the mean peak values of L-type Ca^2+^ currents and membrane voltage in the two fiber types. (C) Mean of the fitting parameters of current-voltage relationships obtained in each WT and V876E fiber. E1/2, half-activation voltage; Erev, apparent reversal potential; Gmax, maximum conductance; k, steepness factor. Data are given as means ± SEM.](JGP_201711834_Fig2){#fig2}

Comparison of background currents and resting conductance in WT and V876E fibers {#s11}
--------------------------------------------------------------------------------

Voltage clamp studies in HypoPP1 R528H fibers from transgenic mice or from human biopsies and in mouse fibers transfected with the HypoPP1 R1239H α1 subunit detected an elevated inward current at hyperpolarized potentials in mutant fibers ([@bib11]; [@bib29]; [@bib7]). Considering that the V876E HypoPP1 mutation is associated with comparable clinical features as the R528H mutation, we investigated whether V876E fibers exhibited elevated leak current and conductance by applying hyperpolarizing voltage ramps bringing the internal potential to −120 mV from a starting potential of 0 mV using the same internal and external solutions as those used for voltage-gated Ca^2+^ current recordings. [Fig. 3 A](#fig3){ref-type="fig"} shows that membrane currents were more inward in V876E fibers for voltages less negative than −40 mV as compared with WT fibers. Fitting a linear regression between currents and voltages over the −80 to −120 mV range in WT and V876E fibers indicated that the slope conductance was significantly higher in V876E fibers whatever the starting holding potential---0, −20, −40, or −60 mV ([Fig. 3 B](#fig3){ref-type="fig"}).

![**Leak currents and leak conductance in WT and V876E fibers.** (A) Means and SEM of current densities evoked by voltage ramps applied from a holding potential of 0 mV in WT and R1239H fibers. The number of data points has been reduced for clarity. (B) Mean slope membrane conductance measured between −120 and −80 mV for voltage ramp--evoked membrane currents in the two fiber types from different holding potentials (HP). The number of fibers tested is indicated above each histogram bar. The p-values were 0.009, 0.006, 0.003, and 0.017 at 0, −20, −40, and −60 mV, respectively. Data are given as means ± SEM. \*, P \< 0.05; \*\*, P \< 0.005.](JGP_201711834_Fig3){#fig3}

Effects of a change in external pH on background currents and resting conductance in V876E fibers {#s12}
-------------------------------------------------------------------------------------------------

The preceding series of experiments was performed in the presence of an external solution devoid of Na^+^ and K^+^ and in low Cl^−^, so that the main monovalent cation capable of entering the cell at negative voltages is H^+^. Furthermore, a recent study indicated that the HypoPP1 R1239H mutation gave rise to a resting leak current carrying protons ([@bib7]). To test whether the elevated leak current was carried by H^+^ in V876E fibers, we measured the change in membrane currents elicited by hyperpolarizing voltage ramps in response to a change in external pH from 7.2 to 6, which is expected to shift the electrochemical gradient for protons by 70 mV toward positive values. As illustrated in [Fig. 4 A](#fig4){ref-type="fig"}, a decrease of external pH from 7.2 to 6 made the background current more inward for voltages lower than −40 mV in a V876E fiber. This effect was also observed in WT fibers. However, subtracting in each cell the current obtained at pH 7.2 from the current obtained at pH 6.0 revealed a current displaying an inward rectification and of significantly higher amplitude at −80 mV in V876E (−0.95 ± 0.14 A/F) as compared with WT fibers (-0.36 ± 0.19 A/F, P = 0.015), suggesting that the elevated leak current in V876E fibers is carried at least in part by H^+^ ([Fig. 4 B](#fig4){ref-type="fig"}).

![**Effect of external acidification on leak currents in WT and V876E fibers.** (A) Membrane currents evoked by a voltage ramp applied from a holding potential of 0 mV at an external pH of 7.2 and 6, and current difference between pH 6.0 and 7.2 in the same V876E fiber. (B) Means and SEM of current differences between pH 6.0 and pH 7.2 in WT and V876E fibers. The number of data points has been reduced for clarity.](JGP_201711834_Fig4){#fig4}

Acid-induced changes in pHi in V876E fibers in the presence of an external physiological solution {#s13}
-------------------------------------------------------------------------------------------------

To determine whether the elevated leak current in V876E fibers is still carried by H^+^ in the presence of a physiological saline, we measured the rate of intracellular acidification induced by a decrease of the external pH from 7.2 to 5 in a comparative manner in WT and V876E fibers, assuming that if the elevated leak current is actually carried by H^+^, the rate of intracellular acidification arising from H^+^ influx should be higher in V876E fibers. [Fig. 5 A](#fig5){ref-type="fig"} shows that the pHi monitored by the fluorescent pH indicator BCECF decreased in a reversible manner in response to a decrease of external pH from 7.2 to 5 at −80 mV, giving evidence of an influx of H^+^ into the cell. Fitting a linear regression to the rate of change in pHi in all V876E and WT fibers showed that the rate of influx of H^+^ was not significantly different in the two fiber types ([Fig. 5, B and C](#fig5){ref-type="fig"}). This result suggests that in the presence of an external solution containing Na^+^ and K^+^ monovalent cations, the elevated leak current in V876E is not associated with an increased influx of H^+^ and in this way is certainly not carried by H^+^. Interestingly, during the course of these experiments performed in the presence of an external Tyrode's solution, we noticed that there was a tendency for the mean background current at −80 mV to be more negative in V876E (−9.9 ± 3 A/F) than in WT fibers (−4.3 ± 0.8 A/F, P = 0.06). Because Na^+^ is the only monovalent cation the electrochemical gradient of which is in favor of an influx at −80 mV, this observation led us to hypothesize that the cation carried by the elevated inward resting current in V876E fibers is Na^+^.

![**Effect of external acidification on pHi in WT and V876E fibers in the presence of an external Tyrode's solution.** (A) Recording of the change in pHi in response to exposition of the cell to an external solution buffered at pH 5.0 in a BCECF-loaded V876E fiber held at −80 mV. (B) Means and SEM of pHi as a function of time in WT and in V876E fibers in response to external acidification (pHe). (C) Mean rate of change in pHi measured during the first minute of exposition of the cell to the external solution buffered at pH 5. The number of fibers tested is indicated above each histogram bar. Data are given as means ± SEM.](JGP_201711834_Fig5){#fig5}

Measurement of Na^+^ influx at negative voltages in WT and V876E fibers {#s14}
-----------------------------------------------------------------------

To investigate whether the elevated leak current in V876E carries Na^+^, we measured the rate of increase in intracellular Na^+^ arising from the replacement of an external solution containing 140 mM of the nonpermeant ion NMDG and devoid of Na^+^ with a solution containing 140 mM Na^+^ using the fluorescent Na^+^ indicator SBFI. [Fig. 6 A](#fig6){ref-type="fig"} shows that such a change in the Na^+^ concentration produced a reversible increase in the fluorescence ratio of SBFI associated with the development of an inward current and an increase in the membrane conductance at −80 mV in a V876E fiber. This result indicates that an open ion pathway allows a Na^+^ influx to occur at rest in response to substitution of Na^+^ for NMDG in the external solution. This effect was also observed in WT fibers but, on average, the rate of Na^+^ influx was significantly larger in V876E fibers as compared with WT fibers ([Fig. 6, B and C](#fig6){ref-type="fig"}). A significant higher rate of Na^+^ influx was also measured in V876E fibers when Tris instead of NMDG was used as the Na^+^ substitute (not depicted).

![**Effect of external Na^+^ on SBFI fluorescence ratio and background currents in WT and V876E fibers.** (A) Simultaneous recordings of SBFI fluorescence ratio (upper trace) and membrane currents (lower trace) in response to a change of the external solution from a Na^+^-free NMDG containing solution to a 140 mM Na^+^--containing solution in a V876E fiber held at −80 mV and stimulated by 50-ms duration voltage pulses given to −90 mV at a frequency of 0.5 Hz. (B) Mean and SEM of SBFI fluorescence ratio as a function of time in response to external Na^+^ readmission in WT and in V876E fibers. In each cell, values of fluorescence ratio have been normalized to the value of the last data point measured before Na^+^ readmission. (C) Mean rate of change in SBFI fluorescence ratio measured during the first 30 s of exposure of the cell to external Na^+^. The number of fibers tested is indicated above each histogram bar. Data are given as means ± SEM. P-value was 0.0043 (\*\*).](JGP_201711834_Fig6){#fig6}

Changes in background current induced by substitution of external Na^+^ for NMDG in WT and V876E fibers {#s15}
-------------------------------------------------------------------------------------------------------

As expected from the preceding set of experiments, measurement of the background current at −80 mV in each WT and V876E fiber indicated that the mean current in the two fiber types was very significantly more inward when Na^+^ ions were present in the external solution than when they were absent ([Fig. 7 A](#fig7){ref-type="fig"}). However, whereas the amplitude of the resting current was not significantly different in V876E and in WT fibers in the absence of external Na^+^, it was significantly larger in V876E fibers when Na^+^ was present in the external solution. This suggests that V876E fibers exhibit a higher leak sodium current at rest as compared with WT fibers. To confirm this higher Na^+^ resting conductance in V876E fibers, fibers were challenged by hyperpolarizing voltage ramps in the presence and in the absence of external Na^+^. As expected, the background current was considerably more inward and the slope conductance larger when Na^+^ was substituted for NMDG in V876E fibers ([Fig. 7 B](#fig7){ref-type="fig"}). This effect was also observed in WT fibers but, on average, the slope conductance measured between −110 and −80 mV in the presence of external Na^+^ was significantly larger in V876E (273 ± 23 S/F) than in WT fibers (205 ± 23 S/F, P = 0.049; [Fig. 7 C](#fig7){ref-type="fig"}).

![**Effect of external Na^+^ on leak currents and conductance in WT and V876E fibers.** (A) Mean background current intensity measured at −80 mV in the absence and in the presence of external Na^+^ in WT and V876E fibers. Values were compared with paired tests and unpaired tests for data obtained within the same fiber population and for data obtained between the two fiber populations, respectively. P-values were 0.0001 and 0.0001 for comparison of the means between the Na^+^-free and the Na^+^ containing solution in WT and V876E fibers, respectively, and 0.047 for comparison of the means obtained in the presence of the Na^+^--containing solution in WT and V876E fibers. Data are given as means ± SEM. \*, P \< 0.05; \*\*\*, P \< 0.0005. (B) Membrane currents evoked by a voltage ramp applied from a holding potential of −40 mV in the absence and in the presence of external Na^+^ in the same V876E fiber. (C) Means and SEM of current densities evoked by voltage ramps applied from a holding potential of −40 mV in the presence of external Na^+^ in WT fibers and V876E fibers. The number of data points has been reduced for clarity.](JGP_201711834_Fig7){#fig7}

Discussion {#s16}
==========

The valine residue at position 876 in the α1 subunit of the voltage-dependent Ca^2+^ channel is highly conserved not only among channel proteins from various species but also among different α1 subunits ([@bib13]). Amino acid substitution at this location is thus expected to induce critical channel dysfunctions, possibly pathogenic. Nevertheless, in transfecting the genes encoding the human WT and the HypoPP1 V876E mutant α1 subunits in adult mice muscles, we showed that the properties of the voltage-gated Ca^2+^ currents are not altered by the mutation. These data differ from the functional results obtained with the other R528H HypoPP1 and R1239H mutations so far investigated, for which the maximal conductance and voltage dependence of the voltage-gated Ca^2+^ currents were found to be altered ([@bib14]; [@bib10]; [@bib19]; [@bib29]; [@bib7]). Concerning these mutations, it has been recurrently claimed that the observed changes in the Ca^2+^ channel properties could hardly explain the pathogenesis of HypoPP1. The fact that the V876E mutation induced HypoPP1 without changing the properties of the voltage-gated Ca^2+^ channel here demonstrates and confirms that the HypoPP1 pathogenesis is not related to any change in the Ca^2+^ channel function of Cav1.1 and also suggests that the global voltage sensing function of domain III, which has been shown to be directly involved in channel activation, is not altered ([@bib20]).

The main finding of our study is that fibers expressing the V876E mutation exhibited a larger leak inward current over a range of voltages negative to −40 mV as compared with fibers expressing WT Cav1.1. Such an elevated inward current at resting potentials has been detected in R528H and in R1239H muscle fibers ([@bib11]; [@bib29]; [@bib7]). Because these HypoPP1 mutations correspond to the replacement of the first or the second outermost arginine with a histidine in the S4 segment of domain II or domain IV, respectively, it has been postulated that the observed leak current flowed through a gating pore generated by the mutation as has been observed for similar mutations in voltage-gated K^+^ or Na^+^ channels ([@bib26]; [@bib24]; [@bib28]). In WT channels, S4 segments are indeed thought to translocate across a "gating pore" pathway formed by the S1, S2, and S3 segments through interactions between arginine residues in S4 segments and negatively charged residues in the three other segments. The loss of interaction produced by arginine mutation to uncharged residues has been shown to make the gating pore permeable to H^+^ or monovalent cations generating a gating pore current at negative voltages when the mutation affects the outermost arginine in the S4 segment ([@bib26]; [@bib27]). The V876E mutation does not directly affect an arginine residue in a S4 segment, but the fact that it produced an inward current at rest likely suggests that a gating pore able to pass monovalent cations at negative voltages has been created. Our data are thus reminiscent of histidine scanning mutagenesis studies in the Shaker K^+^ channel, which showed that mutations not located in the S4 segment and consisting in the replacement of an isoleucine with a histidine in segment S2 created a gating pore by disrupting the hydrophobic barrier lined in part by isoleucine and the most extracellular arginine of the S4 segment ([@bib1]). We thus hypothesize that V876 and one of the most extracellular charged residues in the S4 segment are also part of a narrow hydrophobic plug separating the water-accessible crevices on each side of the membrane that disrupts and allows bridging of the internal and external solutions through a gating pore when valine is replaced by glutamate, in the same manner as the gating pore created by arginine substitution in S4 segments. This local hydrophilic shortcut could be produced by modification in the electrostatic interactions with the positively charged residues of the S4 segment because of the presence of the negatively charged residue glutamate or alternatively by widening the gating pore entrance through structural displacement of the S3 segment. The structural perturbations created by this valine-to-glutamate mutation do not seem to affect the global structure and function of the voltage-sensing domain of domain III because the biophysical properties of the channels were found to remain unchanged. Therefore, the V876E mutation is to our knowledge the first mutation located in an S3 segment giving rise to an elevated leak current at negative voltages, possibly flowing through a gating pore, without any change in the basic voltage-dependent channel properties.

The extra leak current induced by the V876E mutation displayed an apparent inward rectification when recorded in the absence of external permeant monovalent cations ([Figs. 3 A](#fig3){ref-type="fig"} and [4 A](#fig4){ref-type="fig"}). Such a rectification was also evident for the extra leak current recorded by [@bib29] in the Cav1.1 R528H transgenic mouse in the absence of external permeant ions and for the leak current recorded in muscle fibers from R528H and R1239H patients by [@bib11] in the presence of 1 mM external K^+^, which should considerably reduce the contribution of the inward rectifier K^+^ current, and in fibers expressing the R1239H channel mutant ([@bib7]). This inward rectification is reminiscent of the rectification originally observed in the *Shaker* K^+^ channel for mutations affecting the outermost arginine and demonstrated to be imposed by a voltage-dependent mechanism that closes the pore at positive potentials ([@bib26]). Interestingly, inward rectification was also reported for the gating pore generated by mutation in the S2 segment, indicating that the outward movement of the S4 segment in response to depolarization also led to the closure of this S2 mutant-induced gating pore ([@bib1]). Therefore, if the extra inward leak current recorded in V876E fibers does indeed represent permeation through a gating pore, its voltage dependence of activation should correlate with the voltage dependence of movement of the S4 voltage sensor. [Figs. 3 A](#fig3){ref-type="fig"} and [4 A](#fig4){ref-type="fig"} indicate that the extra current develops for potentials lower than −50 mV and progressively abrogates at higher voltages. In skeletal muscle, the movement of S4 voltage sensors gives rise to intramembrane charge movements with a reported half activation of −37 mV in mouse skeletal muscle ([@bib5]). The voltage dependence of activation of charge movements thus matches well with the voltage-dependent reduction of the extra current in mutant fibers, which again argues in favor of this current flowing through a gating pore gated by the voltage-driven movement of S4 segments. Additionally, the observed inward rectification of the extra current in V876E fibers excludes that this current may have flowed through the L-type Ca^2+^-conducting pore of the channel because it develops at voltages much more negative than the voltage threshold of the L-type current and moreover from a holding potential of 0 mV, for which the L-type current is inactivated.

Our experiments performed in the absence of external permeant monovalent cations showed that the resting inward leak current was potentiated by external acidification in V876E, suggesting that it can be carried, at least in part, by H^+^, as demonstrated for the R1239H mutation ([@bib7]). But, in contrast to what has been found for the R1239H mutation, the fact that the rate of H^+^ influx in response to external acidification in the presence of an external Tyrode's solution was not different in WT and V876E fibers led us to conclude that this V876E-induced current was not carried by H^+^ when Na^+^ and K^+^ ions are present in the external solution and used a pathway with different ion selectivity as compared with the pathway used in R1239H fibers. Indeed, changing the external solution from a Na^+^-free to a Na^+^-containing solution at resting potentials was found to produce an influx of Na^+^ associated with an inward current in WT and in V876E fibers. A Na^+^ influx is known to occur in resting muscle ([@bib9]), but our experiments indicate that this influx and the associated inward current are significantly larger in V876E fibers. These data strongly suggest that the extra current in V876E fibers mainly carries Na^+^. In agreement with these findings, site-directed mutagenesis studies of the voltage-gated Na^+^ channel have shown that the gating pore is selective to H^+^ when the gating pore results from the replacement of an arginine with a histidine, whereas it passes Na^+^ or K^+^ when residues other than histidine are substituted for arginine ([@bib26]; [@bib28]; [@bib25]; [@bib27]). Nevertheless, our experiments indicate that in the absence of Na^+^ and K^+^, the V876E-induced leak current is able to carry H^+^. In the Na^+^-free Tyrode's solution, we postulate that the high resting K^+^ conductance may mask the elevated H^+^ current that should flow through the mutation-induced pathway, explaining in this way why the leak current is not different between WT and V876E fibers under these Na^+^-free conditions.

Challenging fibers with voltage ramps indicated that the leak conductance was, on average, 205 and 273 S/F in WT and in V876E fibers, respectively. If we assume that the difference in leak conductance is entirely a result of the presence of a Na^+^ gating pore current, this indicates that the mean conductance of the gating pore is 68 S/F. As compared with the leak conductance measured in muscle fibers from HypoPP1 R528H transgenic mice, HypoPP1 patients' muscle biopsies, or R12639H mutant-expressing fibers ([@bib11]; [@bib29]; [@bib7]), the leak conductance induced by the HypoPP1 V876E mutation is at least 3 times larger and certainly even more if we consider that not all native Cav1.1 have been replaced by the transfected channels. Such a large resting leak current has to be related to the high severity of the symptoms reported for this form of HypoPP1. This mutation was indeed identified in a South American family with an uncommon early age of onset of the disease, high penetrance, and very severe prognosis ([@bib13]). Attacks of paralysis are thought to be triggered by a sudden depolarization of muscle cells inducing inactivation of voltage-gated Na^+^ channels. In skeletal muscle, the resting potential is setting up at a value for which depolarizing inward currents are exactly balanced by hyperpolarizing outward currents. The conditions that lead to an inbalance between inward and outward currents and the resulting depolarization in HypoPP1 are still matters of debate. It is, however, indisputable that our finding of a high Na^+^ leak current in V876E has very important pathophysiological consequences because the higher the depolarizing inward current, the higher the expected depolarization of resting potential and severity of the symptoms.

In conclusion, the first functional characterization of the V876E HypoPP1 mutation demonstrates the existence of a hydrophilic pathway possibly corresponding to a gating pore in the voltage sensor domain of the voltage-gated Ca^2+^ channel that generates Na^+^ current at resting membrane potentials. Our data thus may suggest that the generation of a gating pore constitutes a pathogenic mechanism common to all HypoPP1 disorders, the severity of which may be related to the intensity of the depolarizing current induced by the mutation.
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